The morphology and cell wall composition of Bacillus coagulans, a facultative thermophile, were examined as a function of growth temperature. The morphology of the organism varied when it was grown at different temperatures; at 37 C the organism grew as individual cells which increased in length with increasing growth temperature. At 55 C it grew in long chains of cells. Cell wall prepared from cells grown at 37 C contained 44% teichoic acid by weight, whereas cells grown at 55 C contained 29% teichoic acid. Teichoic acid from these cells was a polymer of glycerol phosphate containing galactose and ester alanine. The ratio of ester alanine to phosphate was significantly higher in cell walls and teichoic acid from 37 C-grown cells compared with those from 55 C-grown cells. Other differences observed were that cells grown at 55 C contained a lower level of autolytic ability, produced cell walls which bound more Mg2", and contained less peptide cross-bridging in its peptidoglycan layer than cells grown at 37 C.
The cell wall composition of gram-positive bacteria has been found to be affected profoundly by changes in environment (7, 14) . One of the most significant environmental factors affecting the growth of bacteria is temperature. The effect of temperature on the cell wall chemistry of individual organisms has not been extensively studied because of the limited growth range of most bacteria. Forrester and Wicken (8) reported that the cell walls of two facultative thermophiles, Bacillus coagulans and Bacillus stearothermophilus, contained an increased proportion of glycopeptides, but less teichoic acids when 55 C-grown cells were compared with those grown at 37 C. Dul and McDonald (5) , by employing electron microscopy and antibiotic treatment of Bacillus subtilis, postulated that a lack of cell wall cross-linkage might be involved in the increased thermal resistance of cells grown at 55 C. Sutow and Welker (20) , however, failed to find any gross differences in the cell wall tomposition of thermophiles when compared with the cell walls of mesophiles.
The work reported here attempts to correlate growth temperature with the morphology, autolytic activity, and cell wall composition of a facultative thermophile, B. coagulans. MATERIALS AND METHODS Organism. The bacterial strain (KU) used in this study was a facultative thermophilic bacillus which was isolated from soil. It was identified as B. coagulans by the criteria of Gordon and Smith (12) . This strain was capable of growth in the temperature range 25 to 56 C.
Medium and culture conditions. B. coagulans was grown at 37 or 55 C in a tryptone-glucose medium containing 2% tryptone, 0.1% glucose, 0.002% MgSO4-7H20, and 0.001% FeCls. For Table 1 . The dry-sample hydrolysates were taken up in 3 ml of diluter buffer and applied to the column. A buffer flow rate of 68 ml/h, a ninhydrin flow rate of 34 ml/h, and a column temperature of 37 C were maintained throughout the analysis. A buffer change from E, to E2 was made at 80 min, prior to aspartate elution. The cell wall components were separated into a sequence as apartic acid, serine, muramic acid, glutamic acid, glycine, alanine, valine, glucosamine, galactosamine, and diaminopimelic acid. The total analysis time for neutral and acidic compounds in each sample was 300 min. The basic cell wall components, lysine and ammonia, were separated on an 8- Phosphate was determined by the method of Ames (1) . Alanine in teichoic acid hydrolysates was determined by the method of Rosen (16) . Polyalcohol and carbohydrate components of teichoic acid hydrolysates were determined by gas-liquid chromatography of their trimethylsilyl (TMS) derivatives by using a Varian aerograph model 1740 gas-liquid chromatograph equipped with a hydrogen flame detector. Determinations were made by using a column (0.3 by 152 cm) packed with 3% SE-30 methylsilicone on Varaport 30, 100 to 200 mesh. The chromatograph was operated on a linear temperature program at a rate of 2 C/min from 120 to 170 C with a carrier gas (N2) flow rate of 25 ml/min. Prior to derivative formation with TRI SYL "Z" (Pierce Chemical Co, Rockford, Ill.), the teichoic acid hydrolysates were treated with orthophosphoric monoester phosphohydrolase (EC 3.1.3.1) (22) . Anhydrous glycerol was prepared as described by Vogel (21) . TMS derivatives of anhydrous glycerol and galactitol were prepared using TRI SYL "Z". Standard TMS D-galactose was obtained from Pierce Chemical Co., Rockford, Ill. Glycerol was also determined by using glycerol dehydrogenase (EC 1.1.1.6) (4). Galactose in teichoic acid hydrolysates was reduced to galactitol with sodium borohydride (19 
RESULTS
Cell morphology. At 37 C, B. coagulans appeared by phase contrast microscopy as single and paired cells (Fig. 1A) . As the growth A C temperature was increased to 45 C and 50 C, cells became longer (Fig. 1B, C) . At the 55 C growth temperature, the organism occurred as long chains of cells (Fig. 1D) . Electron microscope examination of thin sections of cells grown at 55 C revealed rod-shaped cells linked end to end to form chains (Fig. 2B) . Newly initiated septa were frequently seen in these preparations. In addition, the cell wall of the cells grown at 55 C appeared thicker and had a rougher-appearing outer surface than did the walls of cells grown at 37 C (Fig. 2A, B) .
Cell growth. Cells grown at 55 C (under identical conditions) had a higher-growth-rate constant than did cells grown at 37 C ( Table 2 The growth rate constant was determined from the slope of the plots shown in Fig. 3 . The generation time at each growth temperature was calculated from the growth rate constant and not from viable count data. Viable counts were considered invalid with the 55 C-grown cells because of chaining, and they were irreproducible with the 37 C-grown cells because of clumping. Wall morphology. Cell walls were prepared from cells grown at 37 and 55 C and examined by electron microscopy. Cell walls from cells of each growth temperature appeared flattened and retained a rod shape. The surface of the cell wall from 55 C-grown cells (Fig. 4B) had a rougher appearance than the cell wall of the 37 C-grown cells (Fig. 4A) . Cell walls of the 37 C-grown cells stained at an optimal pH of 4.5 to 5.5 with 1% uranyl acetate, whereas cell walls of the 55 C-grown cells stained optimally at pH 6.0 to 6.8 with 0.5% uranyl oxylate.
Wall chemistry. Purified walls from cells grown at both 37 and 55 C contained glucosamine and muramic acid as their major amino sugar components, and alanine, glutamic acid, and diaminopimelic acid as their major amino acid. Serine, glycine, valine, and lysine were also found. The cell walls from the 55 C-grown cells contained a greater amount of glucosamine, muramic acid, and glutamic acid than did the cell walls from the 37 C-grown cells (Table 3) .
The ratio of free epsilon amino groups of diaminopimelic acid to diaminopimelic acid residues in the cell wall of 37 C-grown cells was 0.52, whereas that of the wall of 55 C-grown cells was 0.69. This ratio indicates the proportion of diaminopimelic acid residues not involved in peptide cross-bridging present in the cell wall. By using this conversion, an amount of cross-bridging of 48 and 31% was found for cell walls from 37 C-grown and 55 C-grown cells, respectively.
Trichloroacetic acid-extractable teichoic acid accounted for 44 and 29% of the dry weight of the cell wall of 37 C-and 55 C-grown cells, respectively. The composition of the teichoic acid fraction is shown in Table 4 . The ratio between phosphate, glycerol, and D-(+)-galactose of cell wall teichoic acid from cells grown at either 37 or 55 C is similar. The alanine to phosphate ratio, however, is greater in the cell wall teichoic acid from cells grown at 37 C. The teichoic acid alanine occurs at the ester and can be completely removed by treating the teichoic acid with 0.01 N NaOH for 1 h at 37 C. It was not determined whether the ester alanine was linked to the glycerol or to the galactose moiety.
It should be noted that the teichoic acid fraction obtained by the described procedure was not assumed to be pure. Presumably this fraction still contained some impurities such as cations and cell wall material. However, we feel that these impurities did not interfere with the results shown in Table 4 . Magnesium binding. The alanine to phosphate ratio can also be correlated with the amount of magnesium per phosphate residue the cell wall can bind ( Table 5 ). The 55 Cgrown cell wall, having a low alanine to phosphate ratio, binds more magnesium than the cell wall from 37 C-grown cells which have a higher alanine to phosphate ratio.
Autolytic activity. Whole-cell suspensions of 37 C-and 55 C-grown cells incubated at either 37 or 55 C showed optimal autolytic activity in phosphate buffer at pH 8.5. Suspensions of 37 C-grown cells had a greater autolytic activity at both the 37 and 55 C incubation temperatures than did suspensions of 55 C-grown cells (7, 8) . The teichoic acid of B. coagulans consists of glycerol, phosphate, galactose, and ester alanine. The most significant difference between the teichoic acid extracted from 37 C-and 55 C-grown cells was the ester alanine to phosphate ratio. The amount of esterified alanine in teichoic acid has been shown to vary with the growth medium, and its probable function is in controlling the charge on the cell surface (13) . It was also shown that the ester alanine to phosphate ratio is related to the ion-binding capacity of the cell surface (13 Changes were also observed in the peptidoglycan portion of the B. coagulans KU cell wall in relation to growth temperature. At 55 C, cell walls contained less peptide cross-bridging than did walls from 37 C cells. Variation in the extent of cross-bridging has been shown to vary among species (15) and within individual species when subjected to altered growth conditions (14, 18) . Accompanying the temperaturerelated morphological and cell wall composition changes was a decrease in the autolytic ability of cells grown at 55 C. Forsberg and Rogers (9) reported that the autolytic activity of Bacillus licheniformis mutants could be reduced without significant alteration of the growth rate. They suggested that the changes in autolytic activity were due to its altered wall composition and not to a decrease in autolysin(s) content. In this study, the observed nonlinearity of autolysis plots with cell suspensions of B. coagulans KU incubated at 55 C, regardless of its growth temperature (Fig. 5) , indicates that thermal inactivation of one or more autolysins occurred. The explanation for chain formation and decreased autolytic activity of cells grown at 55 C may involve both a change in the synthesis of autolysins and a decrease in the amount of these enzymes because of thermal inactivation. The question whether the changes observed in the cell wall teichoic acid and peptidoglycan as a function of growth temperature are in any way responsible for the ability of B. coagulans KU to grow at 55 C or are secondary changes brought about by growth at the elevated temperature is not possible to answer at this time. It is conceivable that the observed results are due to a lower activity of the enzymes responsible for adding ester alanine to the teichoic acid and cross-bridging in the peptidoglycan at 55 C. For example, although proteins from obligate thermophiles are inherently quite thermostable, we observed that some selected glycolytic enzymes from B. coagulans KU grown at 55 C were as heat labile as enzymes isolated from mesophilic organisms (unpublished data). Thus, the abnormal thermostability of proteins cannot be a contributing factor in the ability of this facultative thermophile to grow at 55 C. The obvious question arises as to how an organism can grow at an elevated temperature if its key enzymes are rapidly inactivated. One possibility is that a rapid resynthesis of proteins is occurring. The ability of the protein-synthesizing machinery to function at 55 C may be related to the increased Mg2"-binding capacity of the cell wall at this temperature. Friedman and Weinstein (10) have shown that in vitro amino acid incorporation by B. stearothermophilus components required a higher Mg2" concentration for poly(U)- directed phenylalanine incorporation at 65 C when compared with the same system at 37 C. We are continuing these studies to determine the effect of temperature on protein synthesis by B. coagulans.
